Laser-induced ablation and surface processing are investigated in GaN epitaxial layers irradiated by 130-150 fs pulses at wavelength of 398 and 795 nm. These layers are important materials in optoelectronics and microelectronics. GaN is an inert and hard substance with very limited possibility of wet etching. Laser processing seems to be suitable for different steps of fabrication of nitride-based devices (mesa shaping, grooving, scribing, mirror and surface grating preparation, etc.). Atomic force microscopy is used for a high-resolution investigation of initial and irradiated GaN surface. Imperfections of the mirror-like as-grown (0001) order to reveal the defects accumulation in an ablation process of GaN surface (y = 1 corresponds to an accumulationfree ablation). The damage of GaN is found to be free of accumulation effect at low pulse energy below 0.6 x LIDT(1) at 795 nm and some effect is found at higher energy with 'y =0.86 at multi-shot irradiation conditions. A successful surface processing of GaN epitaxial layer (grown by MOCVD technique) is demonstrated for a single-pulse laser ablation of a typical energy 4-6 times higher than LIDT(1). The ablation depth up to 500 nm is achievable. The edge is almost vertical and the rim of a laser-ablated channel is free of debris and peel-off. There is an experimental evidence of a successful laser processing by two-photon absorption of femtosecond pulses at GaN surface with photon energy in a transmission region of the material. Photoluminescence (PL) of the defect-related Y-band at 550-600 nm was not enhanced at the rim of ablated region when energy of ablated pulses was 3 x LIDT(1). The PL of GaN was excited by two-photon absorption of 110 10 fs illumination at 726 nm.
INTRODUCTION
The epitaxial growth is predominating technique for fabrication of ITT-group-nitride materials in researches and in industrial productions of optoelectronic devices. 13 It is well known, that GaN and related alloy materials grown on heterogeneous and mismatched substrates (sapphire, silicon carbide, etc.) can be of device quality in spite of very high density of extended defects like misfit and threading dislocations.35 Thus the actual crystalline quality of the nitride epilayer is much far from perfection in contrast to more traditional optoelectronic materials based on GaAs and InP technologies. GaN and other group-Ill nitrides are hard and inert materials with a limited possibility of wet etching. Wafer processing is based usually on dry etching. The laser ablation seems to be additional mean for processing in the GaN-based technology.6 Femtosecond pulse irradiation seems to be promising technique of sub-nm processing. Preliminarily it was demonstrated the ablation of GaN is almost free of debris. 6 
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Immersion oil :::::3 n= 1.515 Entrance pupil Point B Dichroic mirror Figure 1 . Experimental setup for the determination of light induced damage threshold (LIDT). Optional second harmonic generation (SHG) unit was used for fabrication at 398 nm. All lasers from Spectra Physics. On the right the light pass inside a microscope (Olympus 1X70 was used) is depicted.
Here we give a more detailed study of the laser-induced damage threshold and laser ablation of GaN under sub-picosecond pulses including investigations of shape of the ablation pits, and of an accumulation effect. Typical irradiation intensity in these experiments is as high as '-j' 1014 W/cm2. The treated surface is as-grown (0001) plane of GaN. We use the atomic-force microscopy (AFM) for inspection of the surface before and after the laser irradiation and can identify sub-jim laser-induced damages (ablation pits). It appears that the initial mirror-like surface contains some structures associated with the growth features of the heteroepitaxial material: growth terraces with steps and pits in a nanometer scale (see also Refs. 7, 8) . The steps are terminated by dislocations. The screw dislocations have been found to form nanopipes (open-core configurations) •8,9 In this paper we report a systematic AFM characterization of (0001) GaN surface of epilayers grown by metalorganic chemical vapor deposition (MOCVD) on the sapphire substrates. Small-size laser-induced pits are identified carefully in these experiments. Some data on the morphology of the initial GaN surface is of selfstanding interest.
2. EXPERIMENTAL 2.1. Samples and AFM procedures of surface characterization Samples under this study are GaN epilayers and multilayer GaN/InGaN structures grown by atmospheric-pressure MOCVD on (0001) sapphire substrates. The top layer in the structure samples is GaN cap suitable for contact formation. Growth temperature for GaN of high electronic quality is from 1050°C to 1080°C. The 30-nm-thick GaN buffer layer between sapphire and GaN epilayer is grown at much lower temperature. This is usual practice in the preparation of GaN epilayers and GaN-based heterostructures. Other growth conditions are given elsewhere.9'1°T he defect structure and different types of surface characterization of similar GaN-based structures are given in numerous publications (see, for example, Refs. 8, 11, 12) . The buffer layer is of low crystalline quality, whereas the quality of GaN in the high-temperature-grown epilayer improves gradually along with increase of its thickness. Most of inherited extended imperfections disappear in 500-nm-thick region from the buffer interface. However, the density of threading dislocations (also inherited from the buffer) remains to be rather high (10810b0 cm2). Such a density is more typical for forged metal rather than for optoelectronic materials, however, this is not an obstacle to fabricate high-efficiency emission sources. The perfection of near-top-surface region stabilizes when the epilayer thickness is 2-4 pm. This is typical thickness for preparation of layered operational heterostructures.
AFM microscopy is a powerful technique for characterization of the surface revealing its imperfections of the atomic-size scale. We used the AFM for a study of the surface modification under high-energy laser irradiation. It appears to be important to start from a detailed AFM-characterization of the initial surface of the epitaxial GaN material and from an identification of its features. The initial surface looks visually as a mirror-like one, whereas the microscopy reveal deviations from flatness on the monolayer level. The morphology studies are performed using atomic force microscope Seiko Instruments SPI-800. It gives both the 3D image of the selected region and linear scans across the region. By the combination of scans near the sites of interest we perform loop trips around the observed surface features and reveal the sites of dislocation with the screw component, entering the top surface. We call this procedure the quasi-Burgers contouring accounting the direct measurement of the height of the atomic step in the normal direction. If the dislocation is inside this loop contour, we obtain the normal component of its Burgers vector b, whereas the tangential component is not specified. A sign of the normal projection of b can be conditionally determined by sign of the step at standard direction of the trip along the loop. The positive are those which have a positive step at clockwise trip. The spatial resolution of the AFM is in sub-nanometer region, and the accuracy of measurement is about 10% which is sufficient to identify the monolayer steps. On the other hand, we do not consider such measurement as competing with other known methods to obtain the lattice parameter.
Laser ablation procedures
Laser irradiation was carried out using a femtosecond (fs) laser generation and amplification system (Fig. 1) . A mode-locked Ti:sapphire laser ( Tsunami) pumped by Argon-ion laser (Beamlok 2080) operated at the fundamental wavelength of A = 795 10 nm. After a amplification by a Ti:sapphire regenerative amplifier (Spitfire) pumped by Nd:YLF laser (Merlin), the pulse energy was lifted by ca.106 factor up to 0.8 mJ/pulse. Optional scheme of second harmonic generation (SHG) was employed to make fabrication at 398 nm (the frequency-doubling/tripling unit; all laser setup from Spectra Physics). The pulse energy stability was 5% and full-width at half maximum (FWHM) of the laser pulse duration was measured by autocorrelator (model 409 for Tsunami output and SSA-F for Spitfire output, Spectra Physics) at the output of the amplifier and measured 120-150 fs. Repetition rate of laser system was adjustable in progressional steps from 1 Hz up to 1 kHz. A computer-controlled piezoelectric ceramic (PZT) stage (Physik Instrumente) and a beam shutter were used to fulfill a single-shot irradiation. The precision of a feedback-controlled PZT stage was < 5 nm. The laser pulse energy was changed by calibrated neutral density filters and an aluminum-evaporated disk filter with continuously adjustable transmission. The laser was focused into a diffraction-limited spot of diameter d = 1.22A/NA on the GaN layer surface using objective lenses of different numerical aperture NA = 1.35 ( x 100 magnification oil-immersion lens UPlanApo; the refractive index of immersionoil n = 1.515) and 0.55 (dry, x40 magnification lens SCLP1anF1). All fabrication was done using inverted-type microscope (Olympus IX 70).
Determination of light-induced damage threshold
The judgement of laser focusing on the sample's surface was determined as a position where the smallest energy is necessary for introducing the damage as it was in situ monitored on CCD camera equipped to the microscope. Any deviations from this focusing level (to the air side or to the crystal) inevitably demanded a higher energy for damage since the light-induced damage threshold (LIDT) inside bulk is larger than that at the surface (see later in Sec. 3). The axial precision of the focus position can be estimated as a half of its axial extent, which is z = 2nA/NA2, where n is the refractive index of GaN (n = 2.4 at 800 nm and n = 2.66 at 400 nm).13 This corresponded to the clearest image of the GaN surface as observed in CCD camera image. All measurements were carried out without direct contact of the immersion-oil with sample. This allowed to maximize the refractive index difference at the interface of irradiation and, in turn, increased the sensitivity of damage detection by observation of the optical transmission. These procedures allowed to increase the sensitivity of the LIDT determination. We found previously6"4 that the LIDT is dependent on the sample's immersion (oil vs. air)'4 and on the focusing conditions (NA of the used objective lens). The values of LIDT reported here were determined by the following procedures: (i) the average laser power was measured at the entrance of microscope (point A in Fig.1 ) and at the entrance of objective lens (point B); (ii) the final intensity at the illumination point (point C) was determined by knowing the transmission of the objective lens at fabrication wavelength) . The transmission from the point A to B ( Fig.1 ) was TAB(800nm) = 0.96 and TAB(400nm) = 0.16, when appropriate dichroic mirrors for 800 nm and 400 nm were utilized; the transmissions of x 100 and x40 objective lenses were T100(800nm) = 0.58, Tioo(400nm) = 0.85 and T40(800nm) = 0.35, T40(400nm) = 0.7, respectively. The irradiation spot size was calculated as a size of focus and the pulse duration was obtained from autocorrelation measurements (Sec. 2.2). This allowed us to determine absolute values of LIDT in terms of energy, energy fluence and intensity at different experimental conditions (focusing, immersion) and to compare with those in other materials.
There are several sources of a LIDT measurement scattering: 1)focusing deviations, 2) approximate knowledge of the transmission losses in the optical system used, 3) modification of the transmission losses under ultra-short pulse conditions as compared with continuous irradiation. 4) accumulation effects (decrease of time LIDT under multiple irradiation at the same point). 5) pulse energy and pulse width deviations, 6) surface non-uniformit. T) spatial intensity profile of the beam. \Ve understand a difficulty to determine a portion of irradiation energy that is act uallv absorbed in the solid. We revised our previous results using more accurate microscope transnusSion data. Also, we investigate an accumulation effect and perform additional measurements using oil-immersion objective lens with the sample positioned on the cover glass ( Fig. 1) to avoid (lirect CaN cont act with the oil (smaller spot . refractive iiidex matching).
3. RESULTS AND DISCUSSION 3.1. Characterization of Initial Surfaces by atomic force microscopy Typical picture of AFM imaging of the GaN as-grown (0001) surface is shown in Fig. 2(a) together with the height profile across atomic terraces Fig. 2(h) . Characteristic features are dark spots and tiny lines between theni. These lines are known as monolayer steps on the atomic-flat surface. and dark spots are sites where (lislocatiomi rialiopipes enter the surface. The diameter of spots is typically of 20 rim, whereas larger spots are also found. The density of standard spots is about 5 x 108 cm2 , whereas the density of larger spots is lower by of several orders of value.
Inspection of individual dark spots shows that the tip of the microscope can enter into the nanopipe about 3 nm, which is much more than the lattice period c = 0.518 nm.
Quasi-Burgers Contour Measurements
When the dark spot is passed around by quasi-Burgers contour, the profile of the surface contain following features: 1) sharp steps (one or two) with total height of 0.5±0.05 nm that roughly corresponds to the lattice period C; 2) curved surface between steps gradually compensating the steps. We consider the gradual displacement as result of the elastic deformation of the atomic planes in vicinity of dislocations. The total step height gives the normal component of the Burgers vector, which is equal to lattice parameter c. If the dislocation is of pure screw type, it is normal to the surface, and bf = c. The decrease of the dislocation density along with increase of the epilayer thickness occurs by annihilation of pairs having opposite sign. Those which goes along the normal direction to the crystallization front do not approach each other during the growth. Such dislocations survive more readily than those, which can be mutually attracted. The attraction of opposite dislocation leads to their tilting and approaching. Thus the screw dislocations normal to the surface is of such sorts of dislocation, which is rather stable along with growth process and can be inherited in thick epilayers.
Typical plot of the displacement along the quasi-Burgers contour is shown in Fig. 3 . The GaN-surface steps are typically terminated by characteristic pits. We follow about 3 nm in depth of the pits and this suggests that these pits are entrances of nanopipes. Definitely, the core bears the Burgers vector along the normal to the growth plane providing the formation of steps in the atomic scale. As a conclusion we can state: 1) Open-core screw dislocations are observed at (0001) GaN surface with a density of about 108 cm2 (in GaN and GaN InGaN GaN epitaxial structures grown on sapphire. 2) All these dislocations are associated with a steps of c-height on the surface, these steps are split usually into two steps by c/2, corresponding to the two identical but a-shifted atomic patterns on the Ga-(0001) surface. Fig. 1 , at the entrance of the microscope optical system.
LIDT Measurements and Study of the Accumulation Effect
The threshold of the optical damage at the surface is determined by in-situ observation of the contrast of the irradiated area in the transmission image. This image is obtained by the same microscope used for the laser irradiation, therefore the observation is performed at the same position and adjustment as the optical damage test. We assume that LIDT is reached if the damage spot is recognized visually through the high-resolution optical microscope. Such a definition is sensitive to any local changes of optical parameters and of morphology of the surface under investigation and was confirmed by the AFM study. 6 The AFM reveals that the ablation is a predominant mechanism of the light-material interaction. The damage sites at the GaN surface are found to be pits with no substantial re-deposition of the damaged material on the surrounding surface. Each bit is scanned in a zoomed region to obtain the topology of the ablation pits. The critical value of the pulse energy for starting the pit formation was found to be 34±4 nJ at the wavelength of 398 nm (5.5 J/cm2),6 and 65 nJ at the wavelength of 795 nm (2.7 J/cm2).'4 By estimation in Ref. 6 , the LIDT peak intensity is about 36 TW/cm2 at 398 nm wavelength with pulse duration estimated as r=15O±10 fs.
In this study we report the LIDT(1) values given in (Table 1) for T = 130 10 at 795 nm. The cover-glass was used for the all experiments (even with the dry objective lens of x 40 magnification) . This was necessary since the cover-glass must be used for the both objective lenses in order to compensate the aberrations, which are minimized for 170 jim-thick cover-glass. These values are almost 3 times lower as compared with those measured without cover-glass.14 Thus, surface ablation is strongly dependent on the surface immersion conditions as well as on the refractive index contrast, which facilitates the observation as discussed in the Sec. 2.2. The dependence of LIDT(N) on the number of shots, N. was tested in accordance with the phienonienological relation LIDT(N) = LIDT( 1 )N-1) in order to reveal the defects accumulation in an ablation process of CaN surface ( I corresponds to an accumulation-free ablation). The damage of CaN is found to be free of accuruuulation effect at low pulse energy below 0.6 x LIDT(1) at 800 mu and some effect is found at lugher energy with = 0.86 at multi-shot irradiation conditions. For comparison. PMMA film irradiated at the same coIu(litiouis showed pronounced defect accumulation, i. e. = 0.60 (Fig. 5) .
Both wavelength used iii the LIDT measurements falls into the transparency range of the CaN (the handgap energy is 3.49 eV at 300 K). Therefore, the primary absorption mechanism is (if nonlinear nature. The tw i-photon absorption can he accounted for the energy transfer to the matter at 398-mum irradiation. whereas at 795-nuuu irradiation the three-photon and other multi-photon absorption should he considered (Fig. 6 ). This can he the cause (If different LIDT intensity as obtained in the experiment (Table 1) . However the LIDT imitensit appears to he lower umider 795 urn irradiation than under 398 nm one. Thus suggests the multi-photon absorption rather than two-photon one is of importance at such a high intensity (> 1013 \V/cm2). The longer-wavelength radiation seenis to iruteract more strongly with an electron-hole plasma in the solid. Another observation is an effect of tIme immersion: the measured LIDT intensity is higher when an oil immersion is used. lhiere are several factors in the irnniersion case: (i ) a smaller spot. (um ) refractive index matching, ( ui) involvement, of the oil material into the absorption mechanism. We consider that the spot-size effect due to heat transport is riot the case under sub-picosecond irradiation. The refractive index matching means a reduction of reflection from a solid surface, therefore it seems to be lint effective in the LIDT increase. Only tentative explanation of the imi('rpase(l LIDT is a protection effect of the imumnmersiomu that provides an absorption of the irradiating energy in the oil. Therefore, we use measuremeuit at air gap as time more adequate measure of LIDT. Absorbed radiation give energy to the lint electron-hole plasruma. The plasuuma thermalization and recombination is associated with an intense phonon generation. particularly. is associated with a generation of shock hypersonic waves. During the laser irradiation by sub-picosecond pulses. time heat conduction transport is not involved, therefore, the damage spot is corresponds exactly to the shape of time f cumsed irradiation. Because of high density of dislocations in the initial epitaxial GaN. the hot, points of the laser irradiation can he associated with dislocation sites (inset of Fig. 7(b) ). In our samples. the screw dislocation density is about 4 x 10 cm2, therefore there are several dislocations at each square micrometer of the surface. Probably, the elastically-deformed regions of dislocation provide a possibility of highly-localized linear absorption of the laser radiation. Also, the dislocation cores and nanopipes ('an be (lecorated by the ilnpurit ies that also can absorb the laser radiation. If so. the dislocation sites ca.n provide seeds of strong absorption with consequent local overheating and hand-gap narrowing. Therefore. the thermal runaway can be involved in the heating process intiated by the local absorption by dislocations and associated impurity aggregates. The runaway is known as a usual niechanismn of thermal damaging under laser radiation.2224 The heating rate is (letermined by the dissiative absorption. hut this absorption is as stronger as temperature is higher (particularly due to decrease of the hand-gap at higher temperature). When the pulsewidth of the laser irradiation increases above about 10-100 ps, the relative role of thermal transport and associated thermal processes become more prominent. Above the pulsewidth of 100 ps. the heat conductivity can smooth the temperature distribution and broaden the overheated region outside the irradiated spot. Therefore, in order to restrict the effect of heat conductivity, ultrashort pulses (< 10 ps) are moore suitable.
An important subject of the laser irradiation is the residual stress in the CaN/sapphire wafers due to a lattice misfit and to a difference of the thermal expansion coefficients. When undergone to non-uniform heating, the material gets additional thermoelastic stress that can cause the microcracks and other imperfections. By experimental observation of the damaged sites in the passing illumination (to reveal light-scattering features) we (10 not observe inicrocracks associated with the laser-ablation pits Also there is no evidence of significant. modification of the photolumninescence pattern in the vicinity of pits (Fig. 8) . The darker regions in the PL map in Fig. 8 are due to the absence of the material. At the same time the surroundings of the damage does not show enhanced (lefect-relatNl PL at yellow (Y-)band with its maximum at 550 rim.
The experimental observations including AFM study give a support for an evaporation niechianisni of ablation almost congruently of both components of the compound, Ga and N. This correlates with the predominance of the sublimation of the compound at high temperature and moderate pressure However, the thermal sublirnat ion is typically accompanied by the corripound decomposition that leads ultimately to an accumulation of Ga and its oxide at the surface. If some oxide is deposited on the GaN surface. it does riot modify the electrical and optical properties of the below-lying GaN material.
Surface Processing
As it was mentioned above, the nitride semiconductors are typically rather inert and hard niaterials. Usual vet etching is limited as a technique for the surface processing. We hope the laser ablation can be iInportant processing technique for GaN and related nitride materials. Tins is supported by our observation that there is no re-deposited materials after the ablation in the surrounding region (Fig. 6) . It is known that, CaN caii not, he incIted under atmospheric pressure. Therefore, the first step of the ablation process seems to be pure evaporation rather than production of liquid phase. However, after the decomposition of GaN some met allic Ga and its oxide could be deposited on the cold surfaces. The experimental observation confirms that such re-deposition is not substantial, and this makes possible the controllable shaping of surface processing. It can include mesa sha)ing. grooving, scribing. mirror and surface grating preparation, etc.
The depth of the pit produced by a single shot ranges froni 20 to 240 mu. and a deeper processing could Is performed by the multiple shots (Figs. 6. 7) . On the other hand. an increase of the pulse energy in ii single shot above ca. 8 x LIDT(1) leads to an appearance of damage by the diffraction fringes of the illuniinated spot. that seenis to be not desirable for a precise processing. The depth of about 500 um has been easily obtained and a fabrication of micrometer-range grooves is demonstrated with multiple-shot regime (Fig. 6) . The disturbed alignnient of the single-shot-made holes in Fig. 6 is due to a stage vibration during the fabrication.
It is interesting that the pit walls can be produced close to the vertical as it was determines by AFM nieasurenieuits (Fig. 7) . This might allow to prepare the laser cavity ends by the surface laser ablation.
CONCLUSIONS I )
LIDT measurements are performed on surface of CaN/sapphire epitaxiai structure at wavelengths of 39 nni and 795 urn sub-picosecond (130-150 fs) la.ser pulses. Time intensity of the pulses is iii the range of l0' 5 x 1013 \V/cm2.
2) Detailed AFM characterization of the initial and laser-ablation processed surface of CaN is presented. The monolayer-step morphology of the irutial surface is studied and dislocation-related features (sonic nanopipes) are revealed. The optical-damaged sites are found to be pits with sizes that can be controlled by the laser pulse energy.
3) Accumulation effect of multi-shot irradiation is studied. it is found t he laser ablation is accwnulationi-free (factor is equal to 1) at the pulse energy below 0.6 x LIDT( 1). whereas at higher energy sonic evidence of accumulation is observed (the exponent factor ' approaches 0.86).
4) The ablation of GaN seems to be associated mainly with evaporation of the medium with no substantial re-deposition of the ablated material into the GaN surface. It allows one to perform precisely-controllable surface processing (mesa shaping, grooving, scribing. mirror and surface grating preparation, etc.) ailable depth of t lie laser-ablation processing is 0.5 /LrrI or even more, and t lie pit profile is widel controllable. 
